ABSTRACT
Odor stimulation may excite or inhibit olfactory receptor neurons (ORNs). It is well established that the excitatory response involves a cAMP transduction mechanism that activates a non-selective cationic cyclic nucleotide-gated (CNG) conductance, accompanied by the activation of a Ca 2+ -dependent Cl -conductance, both causing a depolarizing receptor potential. In contrast, odor inhibition is due to a hyperpolarizing receptor potential. It has been proposed that a Ca
2+
-dependent K + (K Ca ) conductance plays a key role in odor inhibition, both in toad and rat isolated olfactory neurons. The mechanism underlying odor inhibition has remained elusive. We assessed its study using various pharmacological agents and caged compounds for cAMP, Ca 2+ and InsP 3 on isolated toad ORNs. The odor-triggered K Ca current was reduced upon exposing the cell either to the CNG channel blocker LY83583 (20 µM) or to the adenylyl cyclase inhibitor SQ22536 (100 µM). Photorelease of caged Ca 2+ activated a Cl -current sensitive to niflumic acid (10 µM) and a K + current blockable by charybdotoxin (CTx, 20 nM) and iberiotoxin (IbTx, 20 nM). In contrast, photoreleased Ca 2+ had no effect on cells missing their cilia, indicating that these conductances are confined to the cilia.
Photorelease of cAMP induced a charybdotoxin -sensitive K + current in intact ORNs.
Photorelease of InsP 3 did not increase the membrane conductance of olfactory neurons, arguing against a direct role of InsP 3 in chemotransduction. We conclude that a cAMP cascade mediates the activation of the ciliary Ca
-dependent K + current and that the Ca 2+ ions that activate the inhibitory current enter the cilia through CNG channels. in Necturus that odor inhibition was due to a hyperpolarizing receptor potential (Dionne 1992 -permeant cyclic nucleotide-gated channels through which Ca 2+ influx occurs.
METHODS

Preparation, solutions and solution changes.
Isolated ORNs were obtained by mechanical dissociation of the olfactory epithelium from the Chilean toad Caudiverbera caudiverbera. The animals were anesthetized in ice, sacrificed and pithed, and the olfactory epithelia were removed from their nasal cavity. The tissue was cut into 1 mm 2 pieces, which were maintained in hypertonic
Ringer solution supplemented with amino acids, antibiotics and albumin (Morales et al, 1994 ).
The composition of the solutions used in this study was as follows (mM):
Normal Ringer: 115 NaCl, 2. Co.), with tip diameters of ~5-10 µm per barrel, positioned ∼30 µm from the cell. In the experiments using odorants, the tip diameters were < 1 µm, the pipette was positioned ∼10 µm from the cilia. The solution flow from the barrels was controlled by a custom made computer-operated picospritzer.
Caged compounds.
Caged cAMP (4,5- was being successfully photoreleased, since it was inducing the release of Ca 2+ from the vesicles.
Odorants and blockers.
The odorants used in this work were the following: All chemicals were purchased from Sigma-Aldrich, unless otherwise indicated.
RESULTS
Inhibitory current is sensitive to drugs affecting the cAMP-dependent pathway.
The odor-triggered inhibitory K + current of olfactory neurons can be best observed as the odor stimulus is applied during depolarizing voltage steps. This current reaches its maximal value between +20 mV and +50 mV ( 
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This result implies that the cAMP cascade may participate in the inhibitory response.
To test this hypothesis we exposed an ORN responsive to odor mixture F to 100 µM of the adenylyl cyclase inhibitor SQ22536. Figure 1B illustrates one of the five ORNs in which we have observed so far that the same odor stimulus activated both, the inhibitory outward current and the excitatory inward current (Sanhueza et al, 2000); the inward current followed the outward current during the step to -30 mV. The excitatory current was also expressed as an inward tail current after returning back to the holding potential. The inset shows both odor-dependent currents during the depolarizing pulse, after subtracting the voltage-gated currents. Both odorant-dependent currents were abolished by SQ22536, in agreement with the notion that adenylyl cyclase is a key component of excitatory and inhibitory transduction. We observed a complete blockage effect by SQ22536 on the inhibitory current in three of eight responsive cells, while in the rest of them its effect was only partial.
Cyclic AMP activates the inhibitory current.
Our results predict that an increase in cAMP concentration in an ORN should produce the activation of both, the excitatory and the inhibitory transduction currents. Figure 2A shows that the photorelease of cAMP from its caged compound induced an inward current at -70 IbTx abolished nearly 50 % of the outward current ( Fig. 3C ; n = 2). Finally, 10 µM niflumic acid blocked around 70% of the outward current in a separate cell (Fig. 3D) increase triggered an outward current on top of the voltagegated outward current, that was followed by an inward tail current as the depolarizing voltage pulse to 20 mV returned to -80 mV ( Fig. 4A, right ; n = 56) in an intact ORN ( Fig   4A, left) . Both currents were absent in the control trace, where no UV was given, while their voltage-gated currents seemed completely normal. In contrast, UV illumination had no effect in an ORN lacking its cilia (Fig 4B, left) (Fig 4B, right, n= 8 ). These results indicate that both conductances activated by Ca 2+ under our experimental conditions reside in the chemosensory cilia, and therefore most likely they corresponded to the Ca 2+ -dependent transduction conductances.
Effects of small injected currents on action potential firing in ORNs.
The possible physiological role of the odor-induced K + current may seem hard to appreciate, considering its negligibly small magnitude at membrane voltages near the 13 resting potential (Morales et al, 1994; Sanhueza et al, 2000) . To assess this, we examined the effect of small current injections on the membrane potential of current-clamped ORNs. Figure 5 (upper panel) shows that injections of 2 and 3 pA depolarizing currents induced spiking in an ORN exhibiting a low spontaneous activity (Madrid et al, 2003) . Likewise, hyperpolarizing currents of identical magnitudes were effective on reducing the discharge rate of another cell, which presented a high spontaneous firing rate (Fig. 5, lower panel) .
This observation, repeated in 5 ORNs, demonstrates that very small currents (in the low picoampere level) can significantly alter the firing rate of these neurons, supporting a physiological function of a small odor-dependent hyperpolarizing current.
Inositol trisphosphate does not appear to mediate the activation of ORN membrane
conductances. A model for chemotransduction.
Based on our previous and present results, and those of others on the excitatory transduction mechanism (see Schild and Restrepo, 1998), we propose an integrative model for the transduction events taking place in the chemosensory cilia (Fig. 6) reversibly abolished the odor-induced ciliary K Ca current as well. Since LY83583 has no known effect on K + channels, this result suggests that the CNG conductance is involved in the inhibitory mechanism and furthermore, that the cAMP pathway may participate in both excitatory and inhibitory odor transduction. Further support for this notion was provided by the observation that the cyclase inhibitor SQ22536 also abolished this current. Both drugs caused a complete suppression of the inhibitory current in some neurons while in other cells they had only a partial effect. We think that in some cells the CNG channel blocker was less effective simply because the drug concentration around the cilia might have not reached the desired level during stimulation (1 -2 s). In the case of SQ22536, there is an additional complication because this compound has to permeate the membrane to reach its target. An alternatively explanation for both situations would be that those cells where the drugs had only a partial effect posses an additional transduction pathway.
In addition to the pharmacological evidence, the data obtained with caged cAMP supports the role of this second messenger in the inhibitory pathway, indicating that an increase in cAMP mediates the activation of both, the excitatory and the inhibitory currents.
The odor-induced K + currents could be observed in isolation under low Cl - (Fig. 2B) . The photorelease of cAMP in these conditions induced the K + current in 51% of the cells and argue against a direct participation of InsP 3 on transduction. However, we did not explore the possibility of a regulatory role of InsP 3 on the cAMP pathway. 
Participation of Ca
Chemotransduction events in olfactory cilia.
Taking together our own data and those of others, we propose the model illustrated in 
